Abstract: A novel manufacturing approach similar to filament winding has been developed and automated and is able to produce the Composite Material Marine Current Turbines (CMMCT), which have significant advantages over traditional designs. This paper presents numerical results to investigate the performance of these turbines. The numerical approach was performed using Computational Fluid Dynamics (CFD) in a free stream of water with various hydrodynamic flow conditions. Static torque, extracted power and power coefficient were calculated at different rotating speeds in a free stream with various hydrodynamics flow conditions. The power coefficient of CMMCT was compared to that of traditional current turbines. The calculated results will provide a fundamental understanding of the impeller as a water turbine, and this design method is used to shorten the design process and improve the water turbine's performance.
Introduction

Marine current energy
The oceans cover more than 70% of the Earth's surface. They offer a huge energy resource that has the potential to produce large amounts sustainable power that can be harnessed for the production of electricity [1] . There are several different oceanic energy forms and harvesting methods: wave energy, marine-current energy, tidal barrages, ocean thermal energy conversion, and osmotic-pressure differences. Among these ocean-energy resources, wave and marine-current energy are the most promising prospects for large scale ocean-energy generation in the near future. Marine current is caused mainly by the rise and fall of the tides causing the whole sea to flow [2] . However, the marine environment is considerably more hostile than the low-level atmospheric conditions encountered by wind turbines. The density of seawater is approximately 1025 kg/m 3 , and so the axial thrust on a turbine and its support structure will be large. The structure of the system and its anchoring must be designed to resist these forces in order to not fail. Corrosion is another serious problem to be considered. Seawater is a saline solution so any metallic components will have to be protected from the water [3] . Thus, there is an increased interest in the use of composites as alternative materials.
Composite material marine current turbine
Advanced composite materials are broadly used because of their high strength to weight ratios and high corrosion resistance, which are expected to be the key to the successful operation for these devices in the harsh marine environment. Sub-marine structures have to withstand the notoriously aggressive marine environment with its corrosive salt water, fouling growth and abrasive suspended particles. Traditionally, steel has been used to produce marine rotors with the stiffness required to combat yielding; however, it is very expensive to achieve the necessary compound-curved profile in steel. In addition to this, steel is heavy, prone to fatigue and susceptible to corrosion induced by salt water. These disadvantages prompted a decision to adopt composites instead [4] .
A novel manufacturing approach, similar to filament winding developed and automated in the Turbomachinery Lab at Michigan State University is able to produce the composite impellers in different possible patterns. The advantage of using a filament winding method to manufacture high-performance and light-weight composite impellers is that the production can be rapid, inexpensive and utilize commercially available winding machines [5] . A wound composite axial impeller is intended to be used for many purposes. Previous mechanical analyses have shown that the Kevlar fiber/epoxy matrix composite material enables the impeller to run at a high tip speed of 450m/s and withstand the stresses for a chiller system using water as a refrigerant [6] . Another important application of the composite impeller is a marine current turbine. Primary design and study of CMMCT was performed using CFD to calculate the extracted power in a specific flow speed [7] . Of the many different patterns designed by Eyler [8] , one pattern with the greatest potential of structure stability and fluid dynamic performance has been selected for the marine current turbine (Fig. 1 ).
To achieve a minimal impact on underwater life forms, without using an external shaft, this impeller pattern can be actuated from a magnetic force between poles in the outer shroud and coil poles on a stationary device surrounding the impeller and housing. Most marine creatures will be able to pass through the center of the CMMCT avoiding the blades [9] , which is promising in terms of the environmental considerations compared to traditional current turbines. Using continuous filamentwound Kevlar®reinforced composite to fabricate the essential components of the CMMCT, the new wheel has significant advantages over more traditional designs:
1. Kevlar boasts nearly 900% higher specific strength than titanium alloys 2. Kevlar is highly resistant to corrosive salt water marine environments 3. Extremely light weight facilitates ease of transportation and installation 4. Large CMMCTs can be constructed with extremely high stability Achieving satisfactory performance of the impellers requires a good understanding of the fluid flow inside the impeller, as well as the influence of the blade angle and rotating speed of the impeller. Three dimensional CAD and CFD tools, integrated with traditional computational tools for design and manufacture, are developed to evaluate these effects. In this paper, numerical approach was performed using Computational Fluid Dynamics (CFD) in a free stream of water with various hydrodynamic flow conditions. Static torque, extracted power and power coefficient are calculated at different rotating speeds in a free stream with various hydrodynamic flow conditions. The power coefficient of CMMCT was compared to that of the traditional current turbines.
Numerical method
Preprocessing
Before computational simulation technique was developed, water turbine design was determined through experimental research by using scaled-down turbine models, which was expensive and inefficient. Even though the resulting design could have better hydrodynamic properties, it was still not necessarily the optimal design [10] . The use of CFD, whilst traditionally strong and widespread in the chemical, mechanical and manufacturing industries, has only begun to be exploited within the water industry relatively recently [11] . The numerical simulation approach using the commercial CFD code FLU-ENT employed the finite volume formulation and the nonstructure mesh. Zoran Čarija compared the data calculated using FLUENT and measured results covering the whole operating range for a 20mW Francis turbine in order to validate the CFD simulation [10] . It was observed that all computed hydraulic characteristics were obtained in CFD showed very good conformity of values and trendlines with measured characteristics over the whole operating range. A.Thakker and T.S.Dhanasekaran dealt with the flow analysis of impulse turbine with experimental and computational results for wave energy power conversion [12] . It is found that the comparison between computational and experimental data is good, qualitatively and the standard κ-ε model can predict the experimental values reasonably well. D. Ankamma Rao, and P. Sivashanmugam presented the experimental and CFD simulation investigation on power consumption in new energy saving turbine agitators [13] . Turbulence model κ-ε is used in CFD simulation and the results show that CFD-based predictions of power are very close to the experimental values, which indicates that the experimental results validate the CFD models well. In this study, the preprocessing steps, including modeling and generating a non-structured mesh were completed in NX (UNIGRAPHICS) and Gambit (Fig. 2) . CFD modeling of the CMMCT was performed using FLUENT in conjunction with GAMBIT meshing tool. Since the working fluid is water, the CFD simulations were calculated based on assumptions as follows [14] :
• Incompressible flow
• Thermal effects are negligible
• Steady state flow but viscous fluid with the rotor zone treated as a moving frame (rotating turbine wheel zone)
• Smooth walls with no-slip boundary condition 
Governing equations
CFD is fundamentally based on the governing equations of fluid dynamics. They represent mathematical statements of the conservation laws of physics, where the following physical laws are adopted [7] :
1. Mass is conserved for the incompressible fluid at steady state as
2. For the fluid analysis of the entire turbine at steady state, the Navier-Stokers equations were used in the following form:
Turbulence model: Standard κ-ε model
where, the turbulent viscosity,µ t is calculated according to
The production of turbulent kinetic energy is
where, S is the modulus of the mean rate of strain tensor:
and the rate of strain tensor is 
Computational method
The turbine was placed in a cubic domain of side 5D (D is the turbine's diameter 1.5 m), and length 5D ( the turbine's axial length is 0.15 m) (Fig. 3 ). It has been tested that the size of the cube with 5D sides is satisfactory enough not to influence the solution results. The κ-ε turbulence model was used with uniform inlet boundary conditions, and the turbulence level 5% corresponding to slightly turbulent water with dimensional scale 0.2 m corresponding to the mean gap value between blades, were applied at inlet cross-section. When the flow characteristics in the rotating machinery are analyzed, a relative coordinate system is generally adopted because it allows for convenient application of the steady state solver and boundary conditions. In this study, a Multiple Reference Frames (MRF) approach was used to modeling the rotating flow. This approach adopts two reference frames: one stationary frame relative to the walls; the other relative to the rotating wheel. The fluid zone is divided into two separate regions: stationary zone, which is related to the free stream; while the other, close to the rotating turbine, is related to the moving zone. The momentum equations and closure models are resolved in the separated zones and a steady state approximation is made at the zone interfaces [14] .
The boundary conditions are set as follows: flow field in the computational domain has a rectangular shape divided into two parts: a static rectangle including a rotating cylinder inside. All turbine elements were located in a rotating volume of cylindrical shape. All surfaces bounded by this volume have boundary conditions of interface type. Corresponding surfaces on the static part of the flow field also have interface type boundary conditions. External box surfaces are of type velocity inlet on one surface and pressure outlet on the opposite side. The symmetry boundary conditions were used for the side walls since they do little to disrupt the flow.
The standard pressure correction has been used, and the first order upwind scheme was used. Since NavierStokes equations are solved inside the domain, the noslip boundary condition is applied to all side walls in the domain, and the y+ values were on the range 100 to 500 over all turbine surfaces. Therefore, at all wall surfaces u=v=w=0. In order to accurately simulate the flow in a turbine passage, further mesh refinement of the turbine is required. The meshing sizes in the turbine are strictly controlled and particular refinements have been made. In all CFD simulations, a mesh dependence test is important in order to check the convergence of the computation with respect to spatial resolution [14] . The mesh dependence test is performed by refining the mesh to its final configuration shown in Fig.3 that has been selected for the analysis. It has been shown that increasing the number of nodes 4 times resulted in only 2-3% difference in the calculated torque value. Fig. 4 displays the absolute pressure variation with the z-coordinate from inlet to outlet of the stream cube. Note the z-direction is the water flow direction. Just before the turbine the absolute pressure suddenly increases, and just behind the turbine, the pressure decreases and finally returns to the initial value.
Results
To extract energy from the water, a drag force exerted on the water must be generated. On this axial marine current turbine, this force is obtained by rotating blades, which create a pressure drop across the turbine. The extracted power is also the product of the water flow through the turbine and the pressure drop across the turbine [15] . Fig. 5 shows the static gage pressure distribution on the turbine. 8 shows the extracted power variation in a free stream of water with various hydrodynamic flow conditions. The maximum extracted power is 20.1 kW. This figure indicates that for a specific water flow speed, the extracted power increases with rotating speed until obtaining a maximum power, at which point further increases in rotating speed serve to reduce the amount of power extraction. To extract the maximum power, the CMMCT should be working in a suitable rotating speed. For a specific rotating condition, the power is dependent on the water flow speed, i.e. it increases with the water flow speed. The power coefficient can be defined as the ratio of the extracted power to the total available water energy. Fig. 9 shows the CMMCT power coefficient variation with inlet flow speed and rotating speed. From this figure, it is observed that the power coefficient displays similar characteristics to the extracted power. For a specific water flow speed, this coefficient increases with rotating speed until obtaining a maximum value, and then it decreases. The maximum power coefficient is 20% with the inlet flow speed of 2.57 m/s and the average coefficient is about 19%. Comparing Fig. 9 with different types of water turbines shown in Fig. 10 [16] , it is seen that the CMMCT is comparable to the axial current turbine with the highest power coefficient of 20%. Even though Darrieus turbines have a higher coefficient, they are not self-starting in most cases and they develop strong pulsation [16] . In addition, propeller turbines with fixed blades cannot be used directly in reversible tidal flow as well as shallow water sites. On the contrary, CMMCT does not show these problems due to its specific pattern design. 
Conclusions
A novel manufacturing approach similar to filament winding was developed and automated and is able to produce the CMMCTs, which have significant advantages over traditional designs. In order for this new technology to succeed in extracting more ocean current energy, reducing the cost of manufacturing, installation and maintenance, a Computational Fluid Dynamics simulation (CFD) using FLUENT was performed under various hydrodynamic conditions. The simulation results of the extracted torque, power and power coefficient were analyzed. The torque decreases with rotating speed in a quasi-linear fashion for a specific water flow speed, and decreases with flow speed for a specific rotating speed. For a specific water flow speed, the extracted power increases with rotating speed until obtaining a maximum power, so the CMMCT should be working at a suitable rotating speed. The maximum power coefficient of CMMCT is 20% which is comparable to the axial current turbine with the highest coefficient. These results provide a fundamental understanding of CMMCT, and this design and analysis method is used to optimize and improve the turbine's performance in order to shorten the design period. Future research will be directed towards optimizing the turbine's following parameters: the number of blades, the blade shape and the wheel's size. The CMMCT that has undergone testing in a water tow tank, where the water speed can be controlled to determine different extracted powers in order to validate the numerical turbine design, is a scaled down version of the turbines that will be used to harness tidal energy from the world's oceans. In addition to the increased wheel size, modular units could be combined to form arrays to harness large amounts of energy. When these tidal farms are operational, little to no maintenance will be required to keep the wheels functioning properly.
